ABSTRACT INTRODUCTION This study sought to quantify the difference in serum cotinine and other biomarkers indicative of cigarette smoking in current US cigarette smokers attributable to brand level versus individual level factors. METHODS A total of 2,558 daily exclusive smokers, 20 years and older in the United States participated in the National Health and Nutrition Examination Surveys 2007-2012 and provided biospecimens and cigarette brand information. Biomakers of interest were serum cotinine, and urinary NNAL, PAHs, and heavy metals. Adjustments were made for person-level factors (e.g., sex, age, race, education), smoking behavior (cigarettes per day), brand, tar group (≤ 6mg, >6-15mg, >15mg), and menthol status. RESULTS The most commonly reported brands of US cigarettes were Marlboro, Newport, Camel, and Pall Mall. Cotinine levels differed by age (p=0.0065), race (p<0.0001), and cigarettes smoked per day (p<0.0001) but not brand, tar or menthol. Brand family was significantly associated with urinary levels of NNAL, 1HP, HFs, and HPHs. For NNAL. Person-level factors accounted for some of these differences. No consistent differences in metal exposure by brand were noted. Overall, brand information accounted for 2-8% of variance depending on the marker. Together, age, sex, race, education, and cigarettes smoked per day accounted for 20% in variance in cotinine levels, and adding the brand information (brand family, tar group, menthol) to the model accounted for an additional 0.5% (p<0.0948). In the full multivariate model, no significant difference in cotinine was seen by brand (p=0.2205), tar (p=0.2987) or menthol (p=0.1583). CONCLUSIONS Brand to brand differences seen in serum cotinine levels and other biomarkers indicative of cigarette smoking between the top US cigarette brands from 2007-2012 are primarily driven by individual differences among smokers, and to a lesser extent by differences among products.
INTRODUCTION
Cigarette smoking remains a leading cause of death and disability, with smoke containing thousands of compounds [1] [2] [3] , including addictive nicotine [4] [5] [6] . In response to reductions in cigarette nicotine availability, smokers will compensate by numbers of cigarettes smoked or increased puffing and inhalation 6 , maintaining or even increasing their exposure to toxicants. Assessing smoke exposure in humans is commonly achieved by using biomarkers, most commonly metabolites of smoke constituents, such as cotinine (nicotine) [7] [8] [9] [10] , 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) for the tobacco-specific n-nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) [11] [12] [13] , and the hydroxylated derivatives of a number of polycyclic aromatic hydrocarbons (PAH), such as pyrene, naphthalene, and phenanthrene
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. Tobacco is also a point source for heavy metal exposures [15] [16] [17] , including Pb, As, and Cd. Cadmium in particular is consistently shown to be elevated among smokers [18] [19] [20] . Few studies have looked at the difference in brand-specific exposures from cigarettes. The existing literature looks at broader categories (e.g., Light vs Full Flavor), and generally finds no substantial difference in exposure between products of different standard tar yields, for example 21, 22 . However, consumers tend to select a brand of cigarettes and to stick with that brand 23 . Marlboro holds the highest market share for leading cigarette brands in the United States (US) followed by Newport, Camel and Pall Mall, together accounting for over 60% of the market 24, 25 . Tobacco industry marketing tactics, including advertising, packaging, and design/engineering influence brand preference [21] [22] [23] [24] [25] [26] . Marlboro, Newport and Camel are the three most advertised cigarettes brands and the preferred brands among young cigarette smokers [21] [22] [23] [24] [25] [26] . Having data at a brand specific level is potentially relevant as tobacco products are now under regulation by the Food and Drug Administration (FDA). Manufacturers must test for and report on a variety of harmful and potentially harmful constituents (HPHC), and must submit reports to justify any changes to an existing product or the introduction of a new product (substantial equivalence) 27 . HPHCs include NNK, PAHs, and metals 28 . FDA also has authority to set performance standards for products, including on HPHC content or emission 27 . So establishing a 'typical' exposure among users of very popular products is important for informing such regulations moving forward. At the same time, the existing literature suggest that there is little difference in smokers' exposures to toxic constituents by nominal tar yield or type, so quantifying the degree to which brand differences (such as brand family, nominal tar yield, or menthol) account for inter-individual variability in specific HPHCs might provide a focal point for regulation.
The National Health and Nutrition Examination Survey (NHANES) was designed to monitor the health, nutrition and health behavior of adults and children in the United States 29, 30 . The NHANES provides selected disease and risk factor prevalence data and monitors disease, behavior and environmental exposure trends in the US, including serum cotinine 29, 30 . This study aims to quantify the difference in serum cotinine levels and other biomarkers indicative of cigarette smoke exposure in current US cigarette smokers according to the top US cigarette brands using NHANES 2007-2012 data.
METHODS

Survey design and study population
Composed of interviews and physical examinations, the NHANES program is a part of the National Center for Health Statistics (NCHS) under the Centers for Disease Control and Prevention (CDC) 29, 30 . Its sample population (about 5,000 respondents per year) aims to represent all ages of the noninstitutionalized US population, and in order to produce reliable statistics, persons 60 and older, African Americans and Hispanics, and low income White Americans are oversampled [29] [30] [31] . Sample weights are assigned to each participant to allow unbiased, national estimates to be derived 32 . The personal health interviews are performed in the respondent's home, and the standardized health evaluation at a mobile examination center (MEC) several days later 29 . The NCHS Research Ethics Review Board (ERB) approved the survey protocol and participants provided consent 32 . Smoking history and characteristics were collected from adults, 20 years and older, during the household interview 33 . Preferred brand of cigarettes was determined at the MEC visit and confirmed using the uniform product codes (UPC) 33 . For this study, smokers were categorized according to their preferred brand among the top US filtered cigarette brands (Marlboro, Newport, Camel, Pall Mall, Other); non-US brands and unfiltered cigarettes were excluded from the analysis. From this information, the manufacturer and price category was determined 34 . Demographic characteristics including age, gender, race, education, marital status, and income were also collected during the interview. This study sample was limited to participants who reported daily use of cigarettes but no other tobacco product or nicotine replacement therapy (NRT) and provided blood for serum cotinine measurement Table 1 ).
Laboratory Analysis
Blood and urine collection was done at the MEC visit; details on sample collection, processing, quality assurance and quality control instructions can be found elsewhere [30] [31] [32] [33] [34] [35] [36] [37] [38] . Cotinine was measured in the serum while NNAL and PAHs (2-, 3-, and 9-hydroxyfluorene, 1-, 2-, and 3-hydroxyphenanthrene, 1-hydroxypyrene, and 2-hydroxynaphthalene ) were measured in the urine using an isotope dilution-high performance liquid chromatography / atmospheric pressure chemical ionization tandem mass spectrometry (ID HPLC-APCI MS/MS) 36 . Urinary metal (arsenic, As; cadmium, Cd; cobalt, Co; lead, Pb; and mercury, Hg) concentrations were determined using inductively coupled plasma-mass spectrometry (ICP-MS) 37 . When results were below the limit of detection, the detection limit divided by the square root of two was imputed 36, 37 . Results from urine assays were creatinine (Cr) adjusted and presented in units/mg of creatinine. Also during the participants MEC visit, body measurements for height and weight were collected and used to calculate BMI. 
Statistical Analysis
Statistical analyses were conducted using NHANES weights to approximate the US population with SAS 9.4 (SAS Institute, Inc., Cary, North Carolina) and SUDAAN 11.0.1 (RTI International, Research Triangle Park, North Carolina) software to account for the complex sampling design. Multiyear weights were calculated as recommended. For cotinine and NNAL, which were assayed for the whole sample, the MEC weights were used. For the PAH and metal analyses, assays were performed only on a randomly selected subsample, and so corresponding weights were used. Proportions are presented for categorical variables and averages and standard errors for continuous variables according to preferred cigarette brands. Multivariate linear regression was used to examine serum cotinine (N=2,558), urine NNAL (N=2,412), urine 2-hydroxynaphthalene (2HN; N=220), urine 1-hydroxypyrene (1HP; N=220), total urine hydroxyfluorenes (Sum HF; N=220), total urine hydroxyphenanthrenes (Sum HPH; N=220), urine As (N=833), Cd (N=837), Co (N=837), Pb (N=837), and Hg (N=838). Federal Trade Commission (FTC) tar was categorized into three groups (Less than or equal to 6mg, 6.1 to 15mg, and greater than 15mg) corresponding to historical cutpoints of 'ultra-light,' 'light,' and 'full flavor' varieties, as these may retain consumer salience even if use of the descriptors have been restricted. Models were adjusted for gender, age, race/ethnicity, education, and cigarettes per day (CPD). Additional models controlled for brand family, tar levels, and menthol status. Cotinine was also adjusted for in all models, except when cotinine was the dependent variable. Marlboro brand cigarettes were used as the referent group. R-squared for models containing brand variables (brand family, tar group, menthol) were compared to models with these variables omitted to estimate the proportion of variance explained by these factors. The difference in R-square between these models was evaluated against the F distribution.
RESULTS
Between 2007 and 2012, the most commonly reported brand of US cigarettes among daily smokers was Marlboro (37.6%) followed by Newport (14.5%), Camel (6.6%), and then Pall Mall (5.8%). There was some variability across the study span. Marlboro dropped from 39.2% in 2007 to 35.0% in Table 1 ). Tar levels and menthol status were found to be differentially distributed among these leading US brands (p<0.0001).
Geometric mean serum cotinine across the sample was 199.5ng/mL1. There were no significant changes observed in mean serum cotinine levels across the three survey periods. Differences were seen among participants who smoked Pall Mall, Newport and other US cigarette brands in relation to those who preferred Marlboro cigarettes (Marlboro = 177.8ng/ mL; Pall Mall = 245.5ng/mL, p<0.0001; Newport = 204.2ng/ mL, p=0.0160; Other = 218.8ng/mL, p = 0.0005). Table 1 displays the unadjusted geometric mean serum cotinine levels by preferred brand of cigarettes. The highest cotinine levels were found among smokers who preferred Pall Mall, followed by Newport, Camel and Marlboro. Cotinine levels differed significantly from Marlboro brand cigarettes for Pall Mall (p<0.0001), Newport (p<0.0001), and the other brands of US cigarettes (p<0.0001), see sex, race, education, and cigarettes smoked per day accounted for 20% in variance in cotinine levels, and adding the brand information (brand family, tar group, menthol) to the model accounted for an additional 0.5% (p<0.0948). In the full multivariate model, no significant difference in cotinine was seen by brand (p=0.2205), tar (p=0.2987) or menthol (p=0.1583).
NNAL levels differed from Marlboro cigarettes (0.35ng/ mg Cr) among those who preferred Camel (0.22ng/mg Cr, p < 0.0001) and Newport (0.17ng/mg Cr, p < 0.0001) brands. Finally, Hg levels differed between Marlboro brand and Newport brand smokers (Marlboro = 0.51ng/mg Cr, Newport = 0.44ng/mg Cr, p = 0.0215). All statistically significant toxicant exposure differences are reported after adjustment for serum cotinine. Table 2 shows regression weights for the individual level variables and cotinine in the model. Across markers, gender is a consistent predictor, generally higher in men than women. Blacks also differ from whites on most markers, most commonly having lower levels. Age appears to be related to NNAL and metal levels, but not all PAH metabolites. Cotinine is consistently and strongly positively associated with NNAL and PAH markers, but only shows a significant positive association with Cd and Pb among the metals. Given cotinine in the model, cigarettes per day is not consistently associated with biomarkers of exposure, excepting NNAL, where the highest level of consumption (>16 CPD) is associated with higher urine concentrations. Table 3 shows the model R-square values for the demographics-only model, demogrpahics plus Tobacco Prevention & Cessation CPD, demographics, CPD, and cotinine, and the full (including brand variables) models. The demographic factors in aggregate account for between 7 and 46 percent of variance in each marker. Adding CPD to the mdoel accounts for between 0 and 12 percent additional variance, and adding cotinine accounts for an additional 0 to 26 percent. This differs markedly across biomarkers -demographics, CPD, and cotinine account for 54% of variance in HF, but only 10% of As.
Geometric means by brand family, tar group, and menthol status from the fully adjusted models (i.e., controlling for demographics, CPD, and cotinine) are shown in Table 4 . Controlling for other factors, brand family was significantly associated with urinary levels of NNAL, 1HP, HFs, and HPHs. For NNAL, Marlboro and Pall Mall smokers had similar levels, and higher than smokers of the other brand families. For 1HP, HFs and HPHs the highest levels were seen in Pall Mall smokers, followed by Newport smokers. Tar group was associated with urinary 1HP, 2HN and HPHs concentrations -in all cases the relationship was inverse, such that smokers of brands yielding 6mg tar or less showed the highest concentrations. Menthol status was associated with urinary levels of NNAL with the highest levels among non-mentholated cigarettes. Adding brand information to the model accounted for an additional 2-8 percent of variance depending on the marker -effects were noticeably larger for PAH markers than for NNAL or the metals (see Table 3 ).
DISCUSSION
Our findings suggest few differences in exposure to nicotine, NNK, and PAHs among daily smokers of the leading US cigarette brands from 2007-2012, even after adjusting for menthol status, FTC tar group and person-level factors such as smoker's gender, age, race/ethnicity, and educational attainment. However, comparisons between models with and without brand information suggest that the primary drivers in exposure differences are individual level factors and cigarette consumption rather than product differences. That is, what you smoke appears to be far less determinative of exposure than how much you smoke.
Brand marketing does target different segments of the population, so it is not surprising that there are noted differences in the demographics of smokers of each brand. also more likely to smoke daily and to smoke 16 or more cigarettes per day. Thus, Pall Mall users tended to be heavier, more established smokers. These demographics are consistent with research on the use of premium and discount cigarette brands 34 . Smokers of premium cigarette brands such as Marlboro and Newport have been found to be younger with a higher income, and smokers of discount cigarette brands such as Pall Mall were more likely to be older, middle and lower income, and heavier smokers 34 . Marlboro, Newport and Camel are the most heavily advertised cigarette brands and they are the preferred brands among adolescent and young adults, and mentholated cigarettes are marketed heavily towards the African American community [21] [22] [23] [24] [25] [26] 39 . Other studies, including those using NHANES data, have looked at trends in serum cotinine concentrations 40 , as well as differences in serum cotinine levels seen among the major racial ethnic groups, age categories, gender and BMI 6, 41, 42 . NHANES data has also been used to look at differences in exposure levels for menthol versus non-menthol cigarettes 43 . Our findings showed similar trends for menthol versus nonmenthol cigarettes as Jones, et al., 43 among the serum cotinine and urinary NNAL levels. In addition, Mendes, et al. 44 looked at exposure levels among cigarette smokers according to their usual cigarette brand's smoking machine tar levels. Our study broadly replicates these prior studies and adds information on brand family-specific exposures. It is important to note specific-brand exposures, as many consumers are brand loyal, the tobacco industry's marketing tactics influence preferred brands [21] [22] [23] [24] [25] [26] and tobacco manufacturers are required to report HPHCs on a brand style-specific basis.
Per-cigarette yields and relative human exposure during smoking of different cigarette brands are not valid estimates of human exposure 45 . It is known that nicotine needs vary from smoker to smoker and is related at least in part to the smoker's sociodemographic background [4] [5] [6] . In order to obtain desired nicotine levels, smokers will adjust their smoking habits to alter smoke intake accordingly 46 . For instance, smokers can take varying puff sizes and number of puffs per cigarette, and they can alter the ventilation of the cigarette by blocking filter perforations 46 . These compensatory smoking actions result in varying human smoke exposures 46 . Indeed, we saw in our analyses when brand tar levels were associated with biomarkers of exposure, the relationship was inverse, and smokers of lower tar brands had higher exposures. Our findings reiterate that individual brand emissions are poor estimators of smoker exposures. This is especially important to remember given recent reports that smokers of higher tar cigarettes showed more dependence symptoms 47 -this may be an artifact of the
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sociodemographics of who self-selects to higher-tar products, rather than dependence producing features of those products. We saw weak relationships between smoking or brand variables and indicators of metal exposure, other than Cd, which is well established 19, 20 . We saw a significant difference in Cd exposure by brand menthol status, but not brand family or tar yield, even controlling for other factors. Cotinine was not associated with smokers' urinary levels of As, Co, and Hg. Cigarettes are known to contain these metals, metal concentrations in tobacco can vary by brand/manufacturer, and they transfer into smoke. However, less is known about exposures directly attributable to smokers, and more work is clearly needed in this area.
Strengths of this study include the design of the NHANES program as it provides information collected from a nationallyrepresentative sample using standardized questionnaires that collects consistent content over time, including direct verification of brand smoked. However, there are some limitations. The questionnaire is subject to recall bias; the limited sample size does not provide the power to further examine the effects of specific demographic characteristics of current US smokers on smoke exposure; the cross-sectional time-series setup does not allow for assessment of individual change in exposure, or of brand switching. This may be particularly important for biomarkers with longer retention in the body. Additionally, urine PAH and metal data were available for only a subset of participants, meaning there is reduced power for detecting differences by brand. Finally, our models did not consider exogenous sources of PAH and metal exposures, such as environmental or occupational exposures. However, given the sample here are all cigarette smokers, the contributions of cigarettes are likely to be the most relevant point source, and adjusting for cigarettes smoked and cotinine level did account for substantial variance in most of these markers.
Our results suggest that the brand to brand differences seen in serum cotinine levels and other biomarkers indicative of cigarette smoking between the top US cigarette brands from 2007-2012 are primarily driven by individual differences among smokers, and to a lesser extent by differences among products.
